Abstract. The rising behavior of single bubble is investigated in 0.134  Eo  8.588; 0.82  We  4.83 and 0.5  Ta  3.6 by means of CLSVOF method and CSF model. The new empirical relations are obtained by comparing experimental data, simulated data and the empirical relations of scholars. The three formulas can describe the bubble deformation more accurate. The new empirical relations provide a lower boundary of scope of application and provided reference to bubble research.
Introduction
Aerated flow [1] is a main flow phenomenon in high speed flow, the key and difficult problem is how to simulate and measure its complex bubble flow. Due to different bubble deformation and existence periodic length, Bubble formation, growth and movement process [2] [3] show a different geometric structures and complicated hydrodynamic characteristics [4] [5] Therefore, a thorough study of bubble movement is very important to extend bubble application field.
The experiments and theoretical research have been carried out by scholars in the middle of last century, some have tried to correlate the aspect ratio E [6] [7] as a function of a dimensionless parameter which could group the experimental data using Eo [8] [9] , We and Ta [10] [11]. Ruzicka [12] studied bubble behavior by asymptotic expansion method, and analyzed the small deformation during the rising process. Raymond [13] investigated the rising behavior of bubble in liquid with different viscosity by model tests, and described bubble shape and aspect ratio using dimensionless parameters. Tomiyama [14] found that terminal velocity and the ratio of length to width is inversely proportional to the relationship. Churchill [15] proposed that a parameter which can describe the bubble deformation played an important academic role. Taylor [16] described bubble deformation using the relation of We, Eo and E.
In order to make the research has universal significance, we select a group of characteristic quantity and handle variables by dimensionless method. The empirical expressions of dimensionless parameters are as follows:
where a is the miner length of bubble, b is the major length of bubble. The rising behavior of single bubble is investigated by means of CLSVOF method and CSF model. combing with dimensionless parameters, the new bubble deformation relation are deduced which provide reference to bubble research.
Calculation Model
The gas-liquid interface is tracked by coupled level set and volume of fluid method, The control equations are shown below. 
where u is velocity, ρ is density, p is pressure,  is viscosity, g is acceleration of gravity,  F is body force of surface tension obtained by CSF method.
where q  is the volume fraction of q, q is gas phase or liquid phase.
that is  > 0 if in gas region,  < 0 if in liquid region,  = 0 if on the interface, and the magnitude of  equals to the distance to the interface.
The body force  F equation:
where  is surface tension,
is the Delta function which translate the force from surface force into body force, a is the interface thickness.
The mixture equation: where subscripts g and l denote the gas phase and liquid phase The governing equations for this model were solved using the commercial CFD. Figure 1 and Figure 2 shows the bubble aspect ratio changes with the increase of rising height in model test and numerical simulation. In research, The range of dimensionless Eo of bubble is 0.134~3.355. It can be seen from the comparison results that the aspect ratio E decreases rapidly in early rise, after falling to a minimum value, E shows a vibration form, and the vibration amplitude decreases with increase in rising height. It is in well agreement with model results and simulated results which means that the simulated results are believable.
Results and Discussion
Tomiyama observed that the aspect ratio, which depends on the magnitude of initial shape oscillation, has strong correlation with the Weber number. The aspect E in correlation with Eo mostly rely on different bubble forming methods in the model test of small bubble. Okawa [17] and Wellek [18] de-scribed the deformation of bubble and water drop through the dimensionless number .Wellek correlation which was originally developed for non oscillating drops in contaminated liquids, appears to be extendible even to oscillating bubbles in low viscosity liquids. Later, Okawa modified the Wellek correlation, providing a lower boundary of their data. The two correlations are as follows: The comparison between the above correlations, model data and simulated data is shown in Figure3, where E is plotted against Eo. The overall trend of E is decrease with the increase in Eo, and gradually comes to a standstill. It can be seen from the comparison of the four that Wellek correlation is different with others, which means Wellek correlation can describe deformation of water drop, but not suitable for bubble deformation in water, Wellek correlation provides an inaccuracy result in water, Okawa correlation do better than Wellek correlation in the range of Eo  0.75, but when Eo>0.75, most of values which calculated from correlation are lower than actual value, the deviation amplitude increases with increase in Eo, so, we provide a new correlation to describe the characteristics of bubble deformation, it can describe the relationship more accurately between E and Eo in the scope of 0.134
The new correlation is as follows:
As same as Eo, We is a dimensionless parameter used to describe bubble deformation and it is the relation between the inertia force and surface tension. A lot scholars [19] provided that bubble deformation affected by inertia and surface tension. Moore [20] noted that for Re > 200 the shape is independent of viscous effect, derived the following model:
The below formula can be obtained by Taylor series expansion：   1  E=  1+9We / 64 Taylor [21] proposed a model for creeping flow (low Reynolds number) which can be developed as a series:
Wellek [22] proposed the following correlation based on We:
Raymond [23] proposed a correlation suitable for serious deformation: E=1-We/9
Figure4 shows the plot of E as a function of We, along with predictions provided by Wellek, Moore, Taylor, Raymond, model data and simulated data. In order to find a dimensionless parameter which can describe bubble deformation accurately, Tadaki [24] induced Ta to describe bubble deformation. Ta is the monotone function of Re and Mo, Tadaki provided that the bubble shape can be determined from the balance among surface tension, inertial and gravity forces; viscous forces are negligible. The Tadaki correlation is expressed as follows: 
Vakhrushev [25] modified the Tadaki correlation in Mo<10 -3 , it is as follows:
    
Conclusion
Part of Eo and We between model data, simulated data in paper and the empirical formula given by scholars agree with each other, Okawa correlation and Raymond correlation get better result when Eo≤0.75,We≤1.5. It is difficult to confirm which dimensionless parameter is suitable for bubble deformation. By fitting bubble parameters, we obtain new correlations which are consist of E, Eo, We and Ta. The three correlations can describe bubble deformation accurately in conditions of 0.134≤Eo≤8.588, 0.82≤We≤4.83 and 0.5≤Ta≤3.6.
